(1.5-mm thickness) is performed in each patient prior to the procedure. Preoperatively the image set is imported into the iNtellect Cranial Navigation portable computer workstation (Stryker Navigation) via computer network.
On the day of surgery, the patient is placed supine on the operating room table with the head atop a horseshoe headrest. Following the administration of intravenous neuroleptic (fentanyl with intermittent boluses of propofol) or general anesthesia in agitated, noncooperative patients, an auto-registration mask (part of the iNtellect system) with multiple LEDs is adhered to the patient's face, covering the bridge and both sides of the nose, the left and right periorbita, and malar eminence (Fig. 1) . The mask has a tissue adhesive that allows for firm fixation to the patient's face. The area of the face covered by the mask contains sufficient unique geometrical features allowing for accurate fiducial-less registration.
A nonsterile image guidance probe with LED technology is registered to the neuronavigation system using a handheld tracking device visible to the camera. The accuracy of the registration is then assessed with the registered image guidance probe by correlating several surface anatomical landmarks, the patient's midline, and the scalp surface to the patient's imported MR images.
Keeping the mask affixed to the patient throughout the procedure provides dynamic reference LED tracking points for the neuronavigation system, allowing for the maintenance of accurate localization despite the potential for head movement during the procedure. Furthermore, should any movement of the tracking LEDs relative to the patient's anatomy be detected by the system (that is, displacement of the mask from the patient's face), the software either corrects the change or temporarily stops navigation until appropriate registration tracker geometry is recovered.
Once registration accuracy is confirmed, the registered sterilely prepared probe is used in conjunction with the iNtellect navigation software to choose the target and entry site. The patient's head is then minimally clipped and sterilely prepared and draped with a sterile transparent drape. The transparent drape allows visualization of the auto-registration mask throughout the procedure by the surgeons as well as line-of-sight for the neuronavigation system camera (Fig. 2) .
A sterile image guidance biopsy probe (Stryker) is registered, and the locations of the entry point, planned trajectory, and target are confirmed. An incision measuring approximately 3 cm in diameter is then opened over the planned entry site following local infiltration of 1% lidocaine with epinephrine. A 10-mm bur hole, centered at the entry site, is made in the direction of the planned trajectory with a Midas Rex cranial perforator bit.
A baseplate (frameless guiding kit; Stryker) is rigidly secured onto the skull over the bur hole with three or four 8-mm self-drilling and self-tapping screws (Fig. 3) . The swiveling cannula is attached to the baseplate, and a plastic set screw is engaged but not tightened to allow free swiveling of the cannula (Fig. 4) . The biopsy navigation probe with LEDs is registered and inserted into the swiveling cannula. The trajectory for the biopsy is established by aligning the pointer of the navigation probe to the precalculated trajectory. This trajectory is maintained by tightening the plastic set screw on the swiveling cannula. The distance from the tip of the pointer to the target is measured by using the virtual tip advancement feature in the neuronavigation software (Fig. 5) . The depth from the end of cannula to the target (calculated depth of insertion) is then determined by adding the length of the swiveling cannula (44 mm) to the distance from the tip of the pointer to the target. A disposable biopsy needle (Stryker) is then prepared by setting a stopper at the calculated depth of insertion from the midpoint of the opening of the biopsy needle (Fig. 6 ). The dura mater is opened by either making a small cruciate incision or, in a later modification, the stylet from the biopsy needle is passed down the cannula, once it is locked in place, until it makes contact with the dura. A monopolar cautery is touched to the stylet, which can create a small hole in the dura. Initial biopsy specimens are sent for intraoperative microscopic evaluation of frozen sections. Additional specimens are obtained for subsequent microscopic evaluation of fixed slice preparations. In one case with imaging characteristics consistent with an abscess, Gram stain and culture of the aspirated fluid were performed.
Following microscopic confirmation of specimens adequate for diagnosis and confirmation of appropriate hemostasis by irrigation through the biopsy needle, the biopsy needle, swiveling cannula, and baseplate are removed. The craniostomy is covered with a bur hole cover and copiously irrigated, and the skin incision is closed with galeal and subcutaneous absorbable sutures. A postoperative CT scan of the head is obtained to evaluate for hemorrhage.
Accuracy Study
The skull phantom was constructed from fine-cut CT scans obtained in a patient who had undergone a decompressive craniectomy of the right temporoparietal region. The skull phantom was outfitted with skin fiducial markers in the form of a radiopaque disc with a 4-mm cylindrical hole in the center that served as the target. A fine-cut CT scan of the skull phantom with the skin fiducial makers in place on the floor of the middle fossa was obtained and loaded onto the iNtellect system. The biopsy needle was 2.5 mm in diameter, which, when targeting the 4-mm hole in the center of the fiducial marker, resulted in a tolerance of ± 0.75 mm in a radial direction from the center of the target (Fig. 7) . If the center of the biopsy needle was more than 0.75 mm from the targeted center of the fiducial in any direction, the biopsy needle would not pass through the center of the fiducial. The automated registration mask was placed on the skull phantom, and it provided registration and active tracking throughout the study. The frameless biopsy kit (Stryker) was used to target the center of the skin fiducial in 3 planes of the CT image set. The biopsy needle guide was affixed to a perforatorbased craniostomy in the left parietal region of the skull phantom (Fig. 7) . A series of 50 independent trials were conducted. Using the biopsy interface of the image guidance system, the targeting probe was used to align the biopsy needle guide to the target. Each trial was independently set to a random trajectory, and then using the guidance platform, the biopsy needle guide was aligned with the center of the target and the trajectory was fixed with the set screw. The biopsy needle was then passed down the trajectory of the biopsy needle guide, and success was based on whether the 2.5-mm-diameter biopsy needle passed through the 4-mm circular target at the center of the skin fiducial. The trial was deemed a failure if the needle contacted the ring of the fiducial and did not penetrate the circular target.
Results
From October 2007 to December 2009, a total of 48 consecutive procedures were performed using this technique. The indications for surgery included previously undiagnosed brain lesions and a single case of a brain abscess ( Table 1 ). The location of the biopsies varied from the basal ganglia to the cortices of the frontal, temporal, and parietal lobes. Tissue was not obtained from the occipital lobes, cerebellum, or the brainstem because of the limitations of the image guidance systems as previously discussed. The volume of the lesions ranged from 0.9 to 107.7 ml, all of which were calculated using the volume of ellipsoid formula. The volumes of diffuse, patchy, or nonenhancing lesions were estimated considering the inherent difficulty of accurately depicting their size on imaging studies. The pathological entities included low-and high-grade gliomas, leukemia, lymphoma, oligodendroglioma, a cerebral abscess, a demyelinating lesion, leukoencephalitis, metastatic lesions, intracerebral hematoma, and a case of atypical glial cells. The average volume of the lesions sampled was 18.5 ml.
Diagnostic pathological specimens were obtained in 47 of 48 cases on the first attempt. One case of atypical glial cells was confirmed to be a malignant glioma, and the lesion was subsequently resected in an open procedure. Same-day postoperative CT scans were acquired in all patients. There were 2 cases of small hemorrhages at the target site diagnosed on postoperative CT scans. These hemorrhagic events did not require any additional surgical intervention. One of the hemorrhages was symptomatic and resulted in a left parietal lesion that caused right upper-extremity weakness. The weakness resolved spontaneously and did not require any further intervention.
The accuracy study with the skull phantom demonstrated a 98% success rate of achieving the 4-mm target with the biopsy needle. There was only one failure over the series of 50 trials. 
Illustrative Case
This 54-year-old man with a history of polymyositis and insulin-dependent diabetes mellitus presented after his first seizure. Computed tomography and subsequent MR imaging revealed a left deep posterior cingulate rim-enhancing lesion with surrounding edema that was suggestive of a brain abscess (Fig. 8 left) . To establish a diagnosis and to drain the lesion, we performed imageguided frameless pinless stereotactic fine-needle biopsy and aspiration.
A diagnostic pathological specimen was obtained on the first attempt and 4 ml of purulent fluid was drained (Fig. 8 right) . The patient tolerated the procedure without complication. Culture of the aspirated fluid grew Listeria and the patient was subsequently discharged and put on a 6-week course of antibiotics.
Discussion
Rigid head fixation can be problematic for patients undergoing awake, frameless stereotactic brain biopsies. The application of the head holder can be painful and the inability to move the head intolerable to some patients undergoing awake procedures. If the patient moves, there is a risk of lacerating the scalp. Furthermore, there is risk of cranial fracture, epidural hematoma, and CSF leakage following the application of head pins, especially in young children. 10 From the surgeon's perspective, rigid head fixation can also be problematic. The head holders can be bulky and limit intraoperative flexibility as well as free movement of surgical instruments. If the patient's head moves relative to the reference arc, the accuracy of the system is reduced, potentially compromising successful execution of the procedure.
To our knowledge, this is the first series of fiducialless fine-needle biopsies in awake, adult patients without the use of a head frame or head fixation. Multiple au- thors have reported frameless, pinless stereotactic techniques. 6, 7, 9 These have mainly been applied in children younger than 3 years of age in whom a significant risk of cranial and intracranial injury, due to the thinness of the skull, precludes rigid head fixation with pins.
Leuthardt and colleagues 6 have reported their experience with a technique developed by George A. Ojemann. They described clustered placement of adhesive fiducial markers around the presumed incision prior to MR imaging, preparing these into the sterile field, and subsequent intraoperative placement of an epidural skull clamp to which a reference arc is attached. The authors acknowledged that the technique is limited to a frontotemporal approach and applicable preferably to the superficial surgical field. The accuracy of navigation is optimal for a local field given the close clustering of the fiducial markers. Furthermore, the epidural skull clamp and attached reference arc are cumbersome, limiting surgical flexibility, free movement of instruments, patient movement, and positioning.
Reavey-Cantwell and associates 9 use a plastic plate adaptor to the Mayfield holder onto which a beanbag device is fastened using Velcro. Suctioning of the bean bag around the patient's head provided head fixation in 6 children younger than 2 years of age and 2 adults. The technique uses a tracker attached to the adaptor instead of the patient's head and thus requires paralysis and no head movement for maintenance of accurate localization throughout the procedure. This precludes its use in awake patients.
By keeping the auto-registration mask affixed to the patient's head, our technique provides dynamic reference frames, allowing head movement during the procedure without compromising accurate localization. Mangano et al. 7 also described a technique with dynamic reference frames that uses an electromagnetic-based neuronavigation system and a cranial reference arc that is directly attached to the outer table of the cranium.
The method of frameless surgical navigation using fiducial-less mask registration without rigid head fixation enhances patient comfort and eliminates the risk of complications from head clamp pin placement. Patients can undergo preoperative MR imaging prior to admission without the risk of displacing adhesive skin markers. The lack of head fixation precludes the associated risk of skull injury, intracranial injury, or scalp laceration.
In addition, we believe this fiducial-less, frameless, pinless biopsy technique allows greater surgical flexibility than frame-based systems. A larger area of the skull is accessible without interference of pins or frames, and intraoperative planning of additional target sites can be undertaken without need for complex calculations. Furthermore, should there be a need to convert to an open craniotomy, image guidance would remain available without a frame or skull fiducial limiting the surgical approach. Considering that no additional steps are required, we expect reduced operative time.
An anterior frontal supraorbital approach is limited by the location of the auto-registration mask. Access to the midline frontal region may also be limited by the communication unit. Displacement of the unit laterally with the use of adhesive tape to allow for greater cranial exposure can be used when needed and should not significantly compromise accuracy. The potential future development of a communication unit that attaches on the lateral or inferior aspect of the mask will improve the accessible area on the skull while the mask is affixed to the patient.
We are currently assessing the accuracy of the frameless, pinless, fiducial-less technique in the performance of brain biopsies. We have also applied the technique to awake craniotomies for resection of supratentorial lesions without complication. We do expect this technique to be subject to some of the limitations inherent to frameless stereotactic techniques, including the inability to use it for posterior fossa lesions. 5 
Accuracy Study
The success rate of 98% for achieving the target over a series of 50 trials demonstrated the overall accuracy of the mask-based active tracking and navigation and alignment capability of the frameless biopsy needle guide. The target was chosen to allow for a long distance to the target of 125 mm that would then cause the angles of alignment for the biopsy needle guide to be more critical. This tested the in vitro accuracy of the operative setup for the ability to navigate the tip of the biopsy needle with a tolerance of 0.75 mm in any radial direction from the tip of the biopsy needle.
Conclusions
Frameless stereotactic techniques have helped neurosurgeons overcome some of the challenges of framebased systems for fine-needle biopsy of brain lesions. The frame less, pinless, fiducial-less technique we have described will likely be another safe, fast alternative to frame-based stereotactic techniques for fine-needle biopsy. We have adapted this technique to other cranial procedures and routinely use it for craniotomies, both awake and under general anesthetic, and for fine-needle biopsies. 
